Peanut allergy (PA) is a common and serious food allergy and its prevalence has increased in the past decade. Although there is strong evidence of inheritance, the genetic causes of this disease are not well understood. Previously, a large-scale genomewide association study described an association between human leukocyte antigen (HLA)-DQB1 and asthma; the aim of this study was to evaluate the association between HLA-DQB1 and PA. Genotypic and allelic profiles were established for 311 Caucasian members of a well-described Canadian group of children with PA and 226 Caucasian controls. Firth's logistic regression analyses showed associations between HLA-DQB1 alleles and PA for DQB1*02 (P ¼ 1.1 Â 10 À8 , odds ratio (OR) ¼ 0.09 (CI ¼ 0.03-0.23)) and DQB1*06:03P alleles (P ¼ 2.1 Â 10 À2 , OR ¼ 2.82 (CI ¼ 1. 48-5.45)). This study of HLA in PA demonstrates specific association between two allelic groups of the HLA-DQB1 gene (DQB1*02 and DQB1*06:03P) and PA, highlighting its possible role in the development of this disease.
INTRODUCTION
Peanut allergy (PA) is a common food allergy that is associated with substantial morbidity and mortality. It generally presents before 2 years of age and resolves in about 20% of children. 1 Its prevalence has increased over the past decade in the United States, although it may have recently stabilized in Canada and the United Kingdom at about 1.7%. 1, 2 Peanut hypersensitivity is the most common cause of fatal anaphylactic reactions to food in North America and the United Kingdom. 1 Although several environmental factors, such as the time of first exposure, have been postulated to have an important role in the development of PA, there is strong evidence for inheritance from twin and family studies. 1 However, the genetic cause of this disease remains elusive.
In a large-scale genome-wide association study, the human leukocyte antigen (HLA)-DQB1 locus was found to be associated with asthma. 3 Genes of the HLA family, which are part of the major histocompatibility complex (MHC) locus, are involved in antigen presentation to T cells. As asthma and food allergy are known to be clinically correlated, 4 a few studies have examined MHC class II genes (HLA-DR, -DQ and -DP families) in the context of PA [5] [6] [7] but only one study has shown a link between these genes and hypersensitivity to peanut. 7 To better understand the genetic component of PA, we compared the HLA-DQB1 allele and genotype frequencies in children with PA and children without PA and demonstrated an association between the HLA-DQB1 gene and this disease.
MATERIALS AND METHODS Sample
This study included 590 children with PA, recruited from a well-described Canadian PA case group. 8 Children were considered to be allergic to peanut if either of the following criteria were fulfilled: (1) a convincing clinical history of an allergic reaction to peanut and a positive skin prick test (SPT) to peanut or a peanut-specific IgE level Z 0.35 kU/l (87% of cases) or (2) no previous exposure to peanut or an uncertain history of an allergic reaction to peanut and either a positive SPT to peanut and a peanut-specific IgE level Z15 kU/l or a positive food challenge to peanut (13% of cases). Only those who selfreported Caucasian ethnicity were included in the study. A total of 332 subjects were selected as controls from two Canadian studies: the Canadian Asthma Primary Prevention Study (CAPPS) 9 and the Study of Asthma Genes and the Environment (SAGE). 10 Those individuals were required to (1) have a negative SPT to peanut, (2) have no history of atopy or asthma, (3) be of Caucasian ethnicity. See Table 1 for a more complete description of the subjects. The project was approved by the local ethics committee and all subjects gave written informed consent.
Genotyping
Genomic DNA was extracted from saliva for the PA group (OrageneDNA saliva kit, DNA Genotek Inc., Kanata, ON, Canada) and from blood for control samples (Blood and Cell Culture Midi Kit, QIAGEN Inc., Toronto, ON, Canada) and were stored at À80 1C. Sequencing of exons two and three was performed using the AlleleSEQR HLA-Sequence-Based Typing Packs by Abbott Molecular Diagnostics (Wiesbaden, Germany) at the genomic and proteomic laboratory at the Université du Québec à Chicoutimi. DNA was run on an ABI PRISM 3100 Genetic Analyzer (ABI, Foster City, CA, USA) at the ECOGENE-21 laboratory at the Centre hospitalier affilié universitaire régional (CAUR) de Chicoutimi. Genotyping was done for 48 samples per batch. Sequences were analyzed with Assign software (Conexio Genomics, version 3.5.1; Fremantle, WA, Australia). Genotypes were identified according to the ImMunoGeneTics (IMGT)/HLA database version 3.5.0 (July 2011) (EMBL-EBI, Hinxton, UK). 11, 12 Calls were made at the peptide-binding domain (PBD) resolution level. 13 In HLA nomenclature, the first set of two digits of an allele refers to the type and the second set of two digits refers to the subtype. P groups represent alleles that share the same PBD and are identified by the addition of the letter 'P' at the end of the allele (eg, HLA-DQB1*03:01P or DQB1*05:01P). 14 Sequencing of the 922 DNA samples resulted in 807 sequences of good quality (88%) and unambiguous genotype calls (without multiple possibilities of allele call at the type level) for 63% (311/491) of the PA cases and 72% (226/316) of the controls (see Supplementary Table S1 for the complete list of primary genotypes).
Statistical analyses
All analyses were done using the R statistical program (version 2.14.1, http:// www.r-project.org/). The following quality control checks and measures were performed: (1) genotyping call rates were evaluated and confirmed to be in line with standards for HLA genotyping; (2) type ambiguities and alleles with mismatches (a sequence that does not match any known allele) were removed and subtype ambiguities were resolved using P group classification; 13 (3) alleles not included in any P groups and rare P groups of a same type (o20 carriers) were grouped together in order to have stable odds ratio (OR) estimates and higher statistical power (indicated by allele names with only one set of two digits, such as DQB1*02); 13 (4) only samples of Caucasian descent were used (Caucasian ethnicity was confirmed by genome-wide association studies in the controls from CAPPS and SAGE studies). Logistic regression analyses were performed to examine differences in frequencies of alleles or frequent genotypes (Z20 carriers) between PA samples and controls. For each analysis, samples were classified as non-carrier or carrier (heterozygous or homozygous) of the allele or non-carrier or carrier of the genotype. We considered the possibility of confounding by asthma status and sex (see Table 1 and Supplementary Table S2 in Supplementary Material for phenotypic differences between genotypes) and performed analyses adjusted for sex and asthma status. This was particularly important as HLA-DQB1 is an asthma susceptibility gene 3 and there is a high prevalence of asthma in the PA cases (2/3 have asthma) and no asthma in the controls; we considered the possibility that any association observed may be due to the presence of asthma. An alternative hypothesis is that HLA-DQB1 is a susceptibility gene for both asthma and PA (ie, pleiotropy). In addition, the controls did not have PA (as indicated by a negative SPT), reducing the misclassification probability for controls, 10 thereby increasing our statistical power. Owing to small sample sizes and correlation between asthma status and the other variables, a quasicomplete separation of the data resulted. To account for this complexity, we used Firth's logistic regression using the Heinze's logistf package in R without prior specification of weights. 15 Finally, a Bonferroni correction for 12 independent tests (12 alleles tested) was applied.
RESULTS
After correction for multiple testing, a significant difference was observed for five HLA-DQB1 alleles in PA cases compared to controls: a higher frequency of the DQB1*06:03P (P ¼ 1.9 Â 10 À3 , OR ¼ 2.59 (CI ¼ 1.56-4.44)) allele and a decreased frequency of the DQB1*02 (P ¼ 1.3 Â 10 À15 , OR¼ 0.12 (CI ¼ 0.07-0.21)), DQB1*03:02P (P ¼ 2.6 Â 10 À2 , OR¼ 0.52 (CI ¼ 0.34-0.79)), DQB1*05 (P ¼ 3.0 Â 10 À3 , OR ¼ 0.21 (CI ¼ 0.08-0.50)) and DQB1*05:01P (P ¼ 9.3 Â 10 À5 , OR ¼ 0.25 (CI ¼ 0.13-0.47)) alleles (see Table 2 and Figure 1 ). Adjusted analyses considering asthma status and sex continued to show a significantly higher frequency of the DQB1*06:03P (P ¼ 2.1 Â 10 À2 , OR¼ 2.82 (CI ¼ 1.48-5.45)) allele and decreased frequency of the DQB1*02 (P ¼ 1.1 Â 10 À8 , OR¼ 0.09 (CI ¼ 0.03-0.23)) allele.
To determine if specific allelic combinations were associated with PA, we performed the analyses with the more frequent genotypes (genotypes with 420 carriers). However, only three genotypes met Abbreviations: CI, confidence interval of 95%; Ctrl, controls (subjects without allergy); NS, not significant; OR, odds ratio; PA, subjects with peanut allergy; P c , corrected P-value; PBD, peptidebinding domain. a Analyses performed for 534 subjects: asthma status available for 310/311 subjects with peanut allergy (none of the control subjects have asthma) and sex available for 534/537 subjects. b Allelic frequency in control and peanut allergy cases shown in numbers of alleles (n) and percentages (%). c P-values with Bonferroni correction considering 12 independent comparisons (12 alleles). d Alleles as indicated in the ImMunoGeneTics (IMGT)/HLA database nomenclature version 3.5.0 (July 2011). Alleles with two sets of two digits and a 'P' are P groups of alleles comprising HLA-DQB1 alleles that share the same PBD. Alleles with only one set of two digits are those that include a mix of rare alleles that share the same type because of their low frequency in the studied population (see Supplementary Table S4 in the Supplementary Materials for a list of those alleles).
the frequency criteria (DQB1*03:01P þ DQB1*03:01P, DQB1*03:01P þ DQB1*06:02P and DQB1*03:01P þ DQB1*06:03P) and none remained significant after correction for multiple testing and adjustment for asthma and sex (see Supplementary Table S3 in Supplementary Materials for significant results before correction).
DISCUSSION
This is the largest genetic study of HLA and PA in children, involving 311 PA cases, which is more than triple the number in previous studies. [5] [6] [7] An association has been previously demonstrated between DQB1 allele and PA by Howell et al. 7 The present results do not replicate the increase of the DQB1*04 allele in PA cases as previously published; 7 however, we showed an increase of the DQB1*06:03P allele and a decrease of the DQB1*02, DQB1*03:02P, DQB1*05 and DQB1*05:01P alleles in PA subjects compared with controls. The association of the DQB1*06:03P and DQB1*02 alleles with PA remained significant after adjusting for asthma status and sex. As HLA loci are expressed co-dominantly, analyses of genotypic frequencies for the most frequent genotypes were conducted to Figure 1a shows a frequency of 4.0% among controls (representing 9 carriers) for the DQB1*02 homozygotes (DQB1*02 þ DBQ1*02) and a frequency of 2.6% (for 8 carriers) among PA cases, a frequency of 28.3% (for 64 carriers) of heterozygotes among controls for the DQB1*02 allele (DQB1*02 þ DQB1* any other allele) and 2.9% (for 9 carriers) among PA cases and finally a frequency of 67.7% (for 153 carriers) among controls for all other subjects that do not carry any DQB1*02 alleles and 94.5% (for 294 carriers) among PA cases. Alleles and genotypes as indicated in the ImMunoGeneTics (IMGT)/HLA database nomenclature version 3.5.0 (July 2011). Alleles with two sets of two digits and a 'P' are P groups of alleles comprising HLA-DQB1 alleles that share the same PBD. Alleles with only one set of two digits are those that include a mix of rare alleles because of their low frequency in the studied population (see Supplementary Table S4 in the Supplementary Materials for a list of those alleles). Het, heterozygotes for the studied allele; Homo, homozygotes for the studied allele; NC, non-carrier of this allele.
determine if specific allelic combinations may be associated with PA. However, there were very few genotypes with sufficient carriers to be included in the analyses and hence, more subjects are required to examine allelic combinations. This study is limited by the relatively high number of ambiguous genotypes at the allele type level; this can be explained by the high failure rate previously observed in the HLA-DQB1 region in a recent linkage-disequilibrium study on the HLA regions. 16 Owing to the high polymorphic rate of this locus 16 and to increase the power of the study, analyses were performed at the P group resolution, rarer alleles and rarer P groups were grouped together and logistic regression adapted to small samples and to complete separation of variables (Firth's logistic regression) was performed. 13, 15 Although these grouping methods increase statistical power, they decrease the diversity of the genetic information as groups of rare alleles can include risk-conferring and protective alleles together and may lead to the failure to identify some possible associations. As HLA loci are highly variable and are influenced by ethnicity, making population stratification a concern, our study is limited to individuals of Caucasian descent. Caucasian descent was validated using principal components analyses for control subjects, but not for PA cases because of the absence of genome-wide association data on the cases; hence, we were unable to include principal components to control for any population differences between the cases and the controls.
In this study, the HLA-DQB1 gene has been selected based on its association with asthma in a previous large-scale genome-wide association study. 3 However, linkage disequilibrium has been documented between the HLA-DQB1 and the HLA-DRB1 genes in diseases such as multiple sclerosis and HLA-DRB1 has been previously associated with PA and IgE levels. 3, 17 A genetic association test with HLA-DRB1 to refine the present finding could provide insight, and should be included in future research.
The results of this study suggest that DQB1*06:03P allele may be a risk factor for PA and support the role of DQB1*02 allele as a protective factor. As PA is a complex trait involving multiple environmental and genetic factors, more research is needed to understand the possible interactions between HLA-DQB1 and other genes and environmental factors involved in PA.
